ORIGINAL ARTICLE 



Effect of Glycemia on Plasma Incretins and the Incretin 
Effect During Oral Glucose Tolerance Test 

Marzieh Salehi, 1 Benedict Aulinger, 1 and David A. D'Alessio 1 ' 2 



The incretin effect, reflecting the enhancement of postpran- 
dial insulin secretion by factors including the intestinal hor- 
mones glucagon-like peptide-1 (GLP-1) and glucose-dependent 
insulinotropic polypeptide, increases in proportion to meal size. 
However, it is unknown whether the incretin effect is de- 
pendent on ambient glucose. The goal of this study was to 
determine the effect of plasma glycemia on the incretin effect. 
Thirteen healthy subjects consumed 50 g oral glucose solution 
mixed with D-xylose during fixed hyperglycemia at 8 and 10.5 
mmol/L, on 3 separate days, twice at lower glycemia (LOW) 
and once at higher values (HIGH). The relative increase in insulin 
release after glucose ingestion at fixed hyperglycemia, a surrogate 
for the incretin effect, was similar among all three studies. The 
GLP-1 response to oral glucose was significantly lower at higher 
plasma glycemia, as was the appearance of D-xylose after the 
meal. Between the two LOW studies, the reproducibility of insulin 
release in response to intravenous glucose alone and intravenous 
plus ingested glucose was similar. These findings indicate that the 
incretin contribution to postprandial insulin release is independent 
of glycemia in healthy individuals, despite differences in GLP-1 
secretion. The incretin effect is a reproducible trait among humans 
with normal glucose tolerance. Diabetes 61:2728-2733, 2012 




Blood glucose concentrations in healthy humans 
are tightly regulated, such that circulating levels 
are maintained in the range of 4 to 8 mmol/L 
across a range of homeostatic challenges. Car- 
bohydrate ingestion is the most common challenge to glu- 
cose homeostasis; yet under normal circumstances, intake of 
a wide range of glucose, from 25 to >100 g, causes only 
modest differences in glycemia (1-3). Central to the capacity 
to control blood glucose is the prompt release of insulin in 
amounts proportional to the ingested carbohydrate (3). In- 
deed, the normal insulin response to meals peaks before the 
maximum rise of blood glucose is reached (4). Taken in the 
context of the relatively weak correlation between post- 
prandial glycemic and insulin responses, this indicates im- 
portant p-cell stimulation by factors other than simply 
changes in blood glucose. It is widely accepted that this 
stimulation is provided by signals from the intestine, pri- 
marily glucose-dependent insulinotropic polypeptide (GIP) 
and glucagon-like peptide 1 (GLP-1), which connect gut ab- 
sorption of glucose to the islet (3-cell response to meals. 
Previous studies have demonstrated that stimulation by GIP 
and GLP-1, collectively termed incretins, accounts for up to 
70% of insulin secretion after meals (3). 
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Incretin augmentation of postprandial insulin secretion 
increases in proportion to the amount of glucose ingested 
(3,5). Because plasma concentrations of GLP-1 and GIP 
are proportional to meal size, the current model of the 
incretin effect holds that these peptides link the absorption 
of nutrients by the gut to the secretions of the endocrine 
pancreas. Consistent with this model are data demon- 
strating that at physiologic hyperglycemia, insulin secre- 
tion increases in proportion to infused amounts of GLP-1 
and GIP (6). However, although there is a clear connection 
between the amount of ingested glucose and the incretin 
effect (3,5), the effect of glycemia per se on meal-enhanced 
insulin release has not been examined. It is therefore un- 
clear whether the incretin effect is greater, unchanged, or 
even reduced at increasing plasma glucose concentrations. 
This relationship is of potential clinical significance be- 
cause subject groups with higher postprandial glucose 
levels have different incretin effects — impaired in persons 
with type 2 diabetes (T2DM) and glucose intolerance (7,8) 
and enhanced in persons with Roux-en-Y gastric bypass 
(RYGB) (9,10). The incretin effects in these studies were 
determined at different plasma glucose levels in the sub- 
ject groups under the assumption that the measure is not 
affected by glycemia. The experiments described herein 
were designed to compare the incretin effect of 50 g oral 
glucose at two distinct levels of plasma glycemia. A sec- 
ondary goal was to determine the within-subject variability 
of the incretin effect. We hypothesized that in healthy 
subjects, the incretin effect would be greater at higher 
levels of blood glucose. 



RESEARCH DESIGN AND METHODS 

Subjects. Thirteen healthy subjects, 10 men and 3 women, were recruited by 
advertisement for three separate studies each. The subjects had no personal or 
family history of diabetes, were free of chronic medical conditions, such as cor- 
onary artery disease, dyslipidemia, or hypertension, and received no medications 
that interfere with glucose metabolism. The subjects were a mean age of 31.4 ± 2.4 
years (range 24-53), and their average BMI was 24.5 ± 0.8 kg/m 2 (range 21-29); all 
were weight-stable for 2 to 3 months before and during the experiments. Normal 
glucose tolerance was confirmed in subjects aged >40 years by a 2-h venous 
plasma glucose level of <7.8 mmol/L after ingestion of 75 g oral glucose solution. 
The institutional review board of the University of Cincinnati approved the pro- 
tocol, and all participants provided written informed consent before the studies. 
Experimental protocols. The subjects were instructed to consume at least 
200 g carbohydrate daily for the 3 days before each visit and not to engage in 
strenuous physical activity during that period. Subjects were studied with an 
oral glucose tolerance test (OGTT) during a hyperglycemic clamp (11). On two 
occasions, blood glucose was clamped at 8 mmol/L, a level approximating 
peak glycemia in normal glucose-tolerant subjects during an OGTT (1); these 
tests of the day-to-day variability of intravenous and oral glucose-stimulated 
insulin release are termed LOW1 and LOW2. On a third day, blood glucose was 
clamped at relative hyperglycemia (10.5 mmol/L); this study is referred to as 
HIGH. The sequence of the LOW and HIGH studies was balanced among the 
subjects, and the three studies were completed within 4 to 8 weeks in all 
subjects except for one, whose HIGH study was performed 12 months after 
the two LOW studies. 

For each study, subjects were admitted to the General Clinical Research 
Center at Cincinnati Children's Hospital after an overnight fast. Intravenous 
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catheters were placed in each forearm for the withdrawal of blood and the 
infusion of glucose; the arm used for blood sampling was continuously warmed 
with a heating pad to arterialize venous blood. After the fasting blood samples 
were removed, a square wave of hyperglycemia was produced and maintained 
at the target level (8 and 10.5 mmol/L in the LOW and HIGH studies) with 
a priming infusion of glucose over 10 min, followed by a variable rate of 20% 
glucose solution infusion thereafter (11). 

Blood glucose concentrations were determined by the glucose oxidase 
method using a bedside glucose analyzer (YSI 2300 STAT Plus; Yellow Springs 
Instruments, Yellow Springs, OH). At 90 min, subjects ingested an oral glucose 
solution (50 g glucose mixed with 10 g D-xylose in 300 mL distilled water) within 
5 min, and the rate of the intravenous glucose infusion was adjusted to maintain 
the blood glucose at the target rate for the rest of the experiment. Blood 
samples were drawn at time points shown in Fig. 1, and placed on ice. Plasma 
was separated within 60 min of removal and stored at — 80°C until assay. 
Assays. Blood samples were collected in tubes containing heparin for 
determinations of insulin, D-xylose, and glucose. Tubes containing 50 mmol/L 
EDTA plus 500 kallikrein inhibitor units/mL aprotinin were used for mea- 
surement of GLP-1, GIP, and C-peptide. Insulin concentrations were determined 



with a previously described radioimmunoassay (12), and C-peptide was mea- 
sured using commercial assay kit according to the manufacturer's specifications 
(Millipore, Billerica, MA). D-Xylose was measured by colorimetric assay (13), 
and total GLP-1 (Meso Scale Diagnostics, LLC, Gaithersburg, MD) and total GIP 
(Millipore) were measured using enzyme-linked immunosorbent assay tech- 
niques according to the manufacturers' instructions. 

Calculations and analysis. The stability of the hyperglycemic clamps was 
measured as the mean of coefficients of variation (CVs) of glucose levels for 
each study from 60 to 270 min. The similarity of the paired LOW clamps in each 
individual was calculated as the difference in mean glucose from 60 to 270 min. 

Fasting values of blood glucose, insulin, and C-peptide were computed as 
the average of the three samples drawn from - 15 to 0 min, and those of GIP 
and GLP-1 as the average of two samples from 80 to 90 min, the period im- 
mediately before glucose ingestion. The average values of glucose and the 
glucose infusion rate (GIR) were calculated for 60-90, 95-150, and 95-270 min, 
separately. 

The insulin response to intravenous hyperglycemia alone was computed 
as the mean increments of insulin and C-peptide above fasting values from 60 to 
90 min. The incretin effect, the contribution of nonglucose factors stimulated 
by glucose ingestion on the p-cell response, was calculated for each individual 
during the hyperglycemic clamps as: 
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FIG. 1. Blood glucose (fop), glucose infusion rate (middle), and plasma 
insulin (bottom) in response to oral glucose solution ingestion are 
shown during three hyperglycemic clamps. Data are presented as 
mean ± SEM. 



where "Actual INS, 



," is the average plasma level of insulin from 95 to 270 



'(95,270) 

min and "Predicted INS(9 5)2 70)" is the average predicted insulin levels from 95 to 
270 min during an equivalent glucose clamp without glucose ingestion. This 
correction accounts for the steady rise of insulin release during a glucose clamp 
(14). The predicted levels of insulin were computed using the slope of insulin 
versus time during the periods of 30 to 60 min and 60 to 90 min. 

Early incretin-augmented insulin response was calculated similarly for the 
values from 95 to 150 min. 

The incretin responses to glucose ingestion are summed as the area under 
curve (AUC) over fasting values of GLP-1 from 95 to 180 min and GIP from 95 to 
210 min. Insulin sensitivity during the clamp was computed as the glucose 
infusion rates from 60 to 90 min divided by plasma insulin levels from the 
corresponding time period. Reproducibility of values between the two LOW 
studies was computed as within-subject CVs calculated from the mean and SD 
of selected outcomes. 

The ln-transformed parameters obtained from each subject in the three 
studies were compared using one-way repeated-measures ANOVA, with 
Bonferroni post hoc comparison examining the effect of glycemic levels and the 
study day on the outcome of interest. Association among variables of interest 
during the LOW studies and the day-to-day correlation of (3-cell or gastroin- 
testinal hormone response in each individual was assessed using Spearman 
correlation. Data are presented as the mean ± SEM. Analyses were performed 
using SPSS 20 software (Chicago, IL). 



RESULTS 

Fasting and clamped plasma glucose. For each subject, 
fasting glucose levels were comparable among the three 
studies (Table 1, Fig. 1). Blood glucose concentrations were 
raised to the target level of hyperglycemia during each study 
and maintained before and after oral glucose ingestion 
(Table 1, Fig. 1). The average CV for blood glucose values 
from 60 to 270 min during the LOW1, LOW2, and HIGH 
clamp studies were 4.5 ± 0.3, 4.8 ± 0.3, and 4.3 ± 0.3%, 
respectively. The average glucose levels (60-270 min) 
during the two LOW studies were 8.05 ± 0.06 and 
8.04 ± 0.06 mmol/L, respectively, with a mean difference 
of 0.02 ± 0.03 mmol/L. For the HIGH studies, the mean glu- 
cose concentration (60-270 min) was 10.50 ± 0.16 mmol/L, 
with a mean difference of 2.46 ± 0.15 mmol/L from the LOW 
studies. 

The glucose infusion rate needed to reach the glycemic 
target during the two LOW studies did not differ but was 
higher during the HIGH study during the preprandial (60-90 
min; P < 0.001) and postprandial (95-270 min; P < 0.001) 
periods (Table 1, Fig. 1). After glucose ingestion, glucose in- 
fusion rates were initially reduced in some individuals during 
LOW studies to compensate for the glucose flux from the 
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TABLE 1 

Effect of oral glucose consumption on |3-cell response and gastrointestinal peptides during three hyperglycemic clamps 
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Data are presented as mean ± SEM. GIP values were measured for 11 subjects. P values from repeated-measures ANOVA in the right column 
with post hoc comparison; parameters measured during LOW1 and LOW2 studies were not different. *P < 0.001 compared with HIGH. fP < 
0.01 compared with HIGH. $P < 0.05 compared with HIGH. 



intestine to the circulation but were increased over pre- 
prandial values by 2.7 ± 0.2-, 2.9 ± 0.3-, and 2.6 ± 0.2-fold by 
the end of the LOW1, LOW2, and HIGH studies, respectively 
(Table 1, Fig. 1). Insulin sensitivity, estimated from the GIR 
and mean plasma insulin concentration from 60 to 90 min, did 
not differ among the subjects on the 3 study days. 
Effect of plasma glycemia on the incretin effect. 
Fasting levels of insulin and C-peptide were similar in the 
three studies and rose significantly in response to in- 
travenous hyperglycemia alone (60-90 min; Table 1, Fig. 1). 
In response to the 8 mmol/L glucose clamp, plasma insulin 
increased 4.1- and 3.9-fold, and during the 10.5 mmol/L 
clamp, increased 6.2-fold (P < 0.001 vs. the LOW studies; 
Table 1). The response for C-peptide paralleled those for 
insulin, with relative increases during the LOW studies of 

3.2- and 3.4-fold and increases during the HIGH clamp of 

4.3- fold (P < 0.001 vs. the LOW studies; Table 1). 
Despite fixed levels of hyperglycemia, ingestion of glucose 

increased insulin concentrations significantly above pre- 
prandial values during all three studies (Fig. 1). During the 
LOW1, LOW2, HIGH clamps, plasma insulin levels increased 

3.4- , 3.4-, and 3.5-fold for the first hour after glucose ingestion 
(P = 0.93) and were 3.3-, 3.3-, and 3.9-fold greater for the 
entire 95-270 min studies (P = 0.13); thus, the relative in- 
crease did not differ among the studies despite a higher ab- 
solute concentration of postprandial insulin levels during the 
HIGH studies (Table 1). The incretin effect during the LOW1, 
LOW2, and HIGH studies accounted for 47 ± 7, 47 ± 5, and 
45 ± 6% of average insulin levels from 95 to 270 min, re- 
spectively (P = 0.98). Similarly, the early incretin effect did not 
differ among the three studies (61 ± 7, 59 ± 5, and 55 ± 5%) 
during the first hour (95-150 min) of the LOW1, LOW2, and 
HIGH studies, respectively (P = 0.43). The C-peptide response 
to oral glucose mimicked that of insulin (Table 1). 



The within-subject CVs for fasting glucose, insulin, and 
C-peptide were 3.4 ± 1.0, 18.0 ± 3.4, and 23.2 ± 6.2, re- 
spectively, between the two LOW studies. Day-to-day 
variability of insulin sensitivity, the insulin response to 
intravenous glucose alone (AUC Insulin (60-90 min))? and meal 
plus hyperglycemia-stimulated insulin release (AUCi nsu i in 
(95-270 min)) between the LOW studies were 22.0 ± 3.8%, 
20.2 ± 3.5%, and 20.9 ± 4.9%, respectively. Variability be- 
tween the two LOW studies in the C-peptide response to 
intravenous glucose alone and intravenous plus oral glu- 
cose stimuli were similar to those for insulin, 20.1 ± 5.9 
and 17.6 ± 3.9%, respectively. The CVs of the incretin ef- 
fect computed for each subject during the first hour of 
meal ingestion of two LOW studies were 15 ± 4%. 
Secretion of GIP and GLP-1 and plasma appearance 
of D-xylose. Fasting concentrations of GLP-1 were com- 
parable among individuals during the three studies and 
increased after glucose ingestion. However, the GLP-1 re- 
sponse to the test meal was significantly lower during the 
HIGH studies compared with the LOW studies in 12 of 13 
subjects (Table 1, Fig. 2). In contrast to GLP-1 secretion, 
the GIP responses to liquid glucose ingestion were similar 
among the three studies (Table 1, Fig. 2). The GLP-1 
responses to meal ingestion (AUC G lp-i (95-180 min)) corre- 
lated significantly within subjects between the two LOW 
studies (r = 0.63, P = 0.002) and the LOW and HIGH 
studies (HIGH vs. LOW1: r = 0.74, P = 0.004; HIGH vs. 
LOW2: r = 0.79, P = 0.001). Similarly, GIP responses 
(AUCqip (95-210 min)) correlated between the HIGH and 
LOW studies within individuals, although the correlation 
between the two LOW studies showed only a trend (HIGH vs. 
LOW1: r = 0.72, P = 0.01; HIGH vs. LOW2: r = 0.68, P = 0.02). 
Reproducibility of fasting or postmeal gastrointestinal 
hormone levels were similar (fasting GLP-1 and fasting 



2730 DIABETES, VOL. 61, NOVEMBER 2012 



diabetes, diabetesj ournals. org 



M. SALEHI, B. AULINGER, AND D.A. D'ALESSIO 



9.0 
7.5 

3 6.0 
E 

^ 4.5 
Ql 

O 3.0 
1-5J 




1.45 



^ 1.20-1 
o 

0.95- 

o 

CO 

O 0.70H 
° 0.45 



— LOW1 
-o-LOW2 
-h-HIGH 





q 20- Intravenous glucose infusion at variable rates 



90 120 150 180 210 240 270 
Time (minute) 



and 30% in means for two sample tests. The estimates that 
are listed in Table 2 indicate that a larger sample size is 
required for studies measuring incretin responses to glu- 
cose ingestion compared with insulin responses to glucose 
ingestion. 

DISCUSSION 

The incretin effect is necessary for normal glucose toler- 
ance, and abnormalities in this process have been associated 
with pathologic glucose metabolism (7,8). In this study, we 
show that the relative enhancement of glucose-stimulated 
insulin release by glucose ingestion does not differ at two 
distinct levels of hyperglycemia in healthy subjects. In other 
words, there is no amplification of the incretin effect to 
compensate for higher plasma glucose. Of note, the incretin 
effect was maintained despite reduced concentrations of 
plasma GLP-1 in the presence of 10.5 mmol/L glucose. Day- 
to-day variability of glucose-stimulated (3-cell response 
before and after oral glucose ingestion was similar between 
the two LOW studies, and incretin levels were likewise 
reproducible among individuals. These findings indicate that 
for a healthy subject, the incretin effect is tightly regulated, 
consistent, and not potentiated at elevated circulating glu- 
cose concentrations. 

As in previous studies (11), we used an intravenous-oral 
hyperglycemic clamp to measure the incretin effect. This 
allows comparisons of the (3-cell response to intravenous 
and oral glucose administration in one study, effectively 
eliminating day-to-day variation in these parameters. This 
approach, which has also been used by other investigators 
(15-18), differs from the classical approach that uses 2 days 
to determine the incretin effect by matching the glucose 
excursion of an OGTT with an isoglycemic intravenous 
glucose infusion. The latter is a proven method but one that 
compares insulin secretion for subjects over separate days 
of study. The intravenous-oral hyperglycemic clamp method 
permitted excellent control of glucose levels at the desig- 
nated targets, allowing robust determinations of the effect 
of glycemia on the incretin effect, and its reproducibility. 
Moreover, the incretin effect measured with this technique, 
—50%, is comparable to what has been described for a 50-g 
glucose ingestion using the 2-day method (3). 

The incretin effect is defined as meal-induced insulin 
secretion beyond what can be accounted for by hypergly- 
cemia alone. The intravenous glucose-stimulated insulin 



FIG. 2. Plasma GLP-1 {top} and GIP {middle} levels and D-xylose 
{bottom} appearance after oral glucose ingestion are shown during 
three hyperglycemic clamps. Data are presented as mean ± SEM. *P < 
0.05 compared with LOW studies. 



GIP: 25 ± 3 and 30 ± 6%; AUCglp.! (95 -i 8 o min) and AUC GIP 
(95-2io min> 31 ± 7 and 24 ± 4%; peak GLP-1 and peak GIP: 
18 ± 5 and 16 ± 4%, respectively). 

Plasma concentrations of D-xylose increased after oral 
glucose intake to a peak 50-180 min after ingestion. The 
plasma D-xylose values during the LOW studies and HIGH 
were significantly different in 11 of 13 subjects (Table 1, 
Fig. 2), indicating that the passage of the carbohydrate- 
containing solution from the stomach to the intestine was 
slightly delayed by the level of hyperglycemia. 
Sample size calculations. Sample size estimates were 
computed based on the within-subject CVs of measured 
outcomes from the LOW studies using a type I error of 0.05 
and a power of 80% to detect a percentage change of 20 



TABLE 2 

Sample size estimates based on within-subject CVs of insulin and 
incretin outcomes from the LOW studies 



Outcome variables 


Sample size for % change 
in means 

20% 30% 


Fasting insulin 


10 




4 


Insulin sensitivity* 


16 




6 


AUCi nsu ii n (60-90 min) 


13 




5 


AUC Insu iin (95-270 min) 


14 




5 


Fasting C-peptide 


17 




7 


AUCc-peptide (60-90 min) 


13 




5 


AUC C -peptide (95-270 min) 


10 




4 


AUCqlP-1 (95-180 min) 


31 




12 


AUCqip (95-210 min) 


19 




7 



*Mean glucose infusion rate divided by mean plasma insulin level 
from 60 to 90 min. 
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release in this study was 1.5-fold greater during the HIGH 
than in the LOW clamps before glucose ingestion, whereas 
incremental insulin values after glucose ingestion over 
preprandial levels were similar in both HIGH and LOW 
studies, whether calculated for the first hour from glucose 
ingestion or for the entire 3-h entire study. Thus, the 
incretin effect in each individual was constant across cir- 
culating glucose levels of 8 to 10.5 mmol/L. These findings 
differ from what can be inferred from previous work in 
that insulin release stimulated by exogenous incretins in- 
creased at increasing levels of glycemia within the physi- 
ologic range (6). This previous study used infusions of 
exogenous GIP and GLP-1 during glucose clamps, and an 
extension of these results would support a model whereby 
endogenously released incretins also stimulate a greater 
(3-cell response at higher levels of glucose. Our findings 
suggest that physiologic regulation of the incretin effect 
differs from what can be extrapolated from peptide 
infusion studies. One explanation for the maintenance of a 
constant incretin effect during the LOW and HIGH studies 
is the lower GLP-1 levels achieved during the 10.5-mmol/L 
clamp. Theoretically, decreases of circulating GLP-1 as 
glycemic stimulus increases could maintain the incretin 
effect across glucose levels. However, it is unlikely that the 
incretin effect is not entirely accounted for by GLP-1 and 
GIP effects, and neural factors likely have an important 
contribution (19). Regardless of the specific mechanism of 
action, the present findings indicate that the incretin effect 
is driven by glucose absorption in the gut and not by var- 
iation of plasma glycemia. 

The —50% reduction in meal-induced GLP-1 seen in the 
HIGH study is consistent with the results in a recent 
publication by Vollmer et al. (20) showing a similar re- 
duction in plasma GLP-1 at 9 mmol/L compared with 
fasting glycemia. In the current study, there was an asso- 
ciation of reduced meal-induced GLP-1 secretion and 
delayed gastric emptying; the slower rise of plasma D-xylose 
in our subjects is consistent with delayed gastric emptying 
during the HIGH study. However, a solid meal rather than 
oral glucose solution was used as the nutrient stimulus in 
the Vollmer study, and the authors also reported a signifi- 
cant reduction of the GIP response, which was not seen in 
our subjects. Moreover, it is not clear whether the differ- 
ences in plasma GLP-1 during the LOW and HIGH studies 
are meaningful because there is no previous work to 
measure the effects of GLP-1 using infusions to such low 
concentrations. Hoist and Deacon (21) have recently sum- 
marized an increasingly common viewpoint questioning 
the role of circulating GLP-1 in the incretin effect and 
suggesting that the effects of GLP-1 are mediated by af- 
ferent neural pathways emanating from the gut. Consistent 
with this position, we have previously shown that GLP-1 
action during meal tolerance tests did not correlate with 
the circulatory levels of GLP-1 in diabetic and nondiabetic 
obese controls (12). However, we cannot confirm or ex- 
clude a potential effect of plasma GLP-1 to regulate insulin 
responses during the studies reported here, and the regu- 
lation of L-cells and the incretin effect, by hyperglycemia or 
changes in neural signaling, is a possibility that will require 
specific studies. 

We repeated the LOW protocol to examine the re- 
producibility of the incretin effect. In this cohort, within- 
subject variability for the insulin response to intravenous 
glucose before and after glucose ingestion and insulin sen- 
sitivity was comparable with previous studies (22,23). Con- 
sistent with this, there was a notable day-to-day correlation 



of GLP-1 and GIP secretion in each individual, indicating 
that incretin secretory responses and the incretin effect is 
a reproducible trait among individual subjects. Similarly to 
what has been published by Utzschneider et al. (22) for 
parameters of oral glucose tolerance, our study provides 
within-subject variability data for postprandial incretin se- 
cretion that could be useful for sample-size calculation in 
future studies (Table 2). 

Specific changes in the incretin effect have been de- 
scribed among subjects with abnormal glucose homeo- 
stasis. To wit, the incretin effect has been reported as 
impaired in subjects with T2DM or impaired glucose tol- 
erance (7,8) and enhanced in subjects after RYGB (9,10). 
Although these findings would seem at first to be in- 
congruent with those reported here of a fixed incretin ef- 
fect at different glycemic levels, this is not necessarily 
the case. In individuals with T2DM, abnormalities in the 
incretin effect seem to be due at least partially to the 
deleterious effects of chronic hyperglycemia on p-cell 
function, because near-normalization of hyperglycemia 
with several weeks of intensified insulin treatment im- 
proves the insulin response to exogenous GIP and GLP-1 
(24). The improved incretin effect among subjects with 
RYGB, who have rapid, supranormal glucose excursions 
after eating (25), is best explained by the rapid flux of 
glucose from the gut and the enormous postprandial GLP-1 
secretion and action characteristic of these individuals 
(10). Thus, in neither case does the absolute level of 
postprandial glycemia need to be invoked to explain the 
distinct incretin effects in diabetic or postsurgical subjects. 

In summary, we have demonstrated that the incretin 
effect in healthy subjects is constant across a range of 
nondiabetic hyperglycemia and is a consistent response 
among individuals. GLP-1 secretion is also relatively 
reproducible among individuals and seems to be de- 
pendent, to some extent, on plasma glucose concen- 
trations. These findings suggest that in healthy humans, 
control of the magnitude of the incretin effect is com- 
plex and occurs primarily at the level of the gastroin- 
testinal tract. 
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